Savin VJ, Lianos EA. ADMA injures the glomerular filtration barrier: role of nitric oxide and superoxide. Am J Physiol Renal Physiol 296: F1386 -F1395, 2009. First published March 18, 2009 doi:10.1152/ajprenal.90369.2008.-Chronic kidney disease (CKD) is associated with decreased renal nitric oxide (NO) production and increased plasma levels of methylarginines. The naturally occurring guanidino-methylated arginines N-monomethyl-L-arginine (L-NMMA) and asymmetric dimethyl-L-arginine (ADMA) inhibit NO synthase activity. We hypothesized that ADMA and L-NMMA compromise the integrity of the glomerular filtration barrier via NO depletion. We studied the effect of ADMA on albumin permeability (Palb) in isolated glomeruli and examined whether this effect involves NO-and superoxide (O 2
) dimethylarginines, SDMA and ADMA, respectively. Proteins containing methylated arginine residues are important regulators of cellular processes including signaling, transcriptional activation, and mRNA processing. Degradation of methylated proteins releases free methylarginines. Of the naturally occurring free methylarginines, L-NMMA and ADMA inhibit all three isoforms of nitric oxide synthase (NOS) while SDMA does not. Renal nitric oxide (NO) depletion accompanies chronic kidney disease (CKD) (2, 25, 26, 52) and this could, in part, be due to inhibition of NOS by increased levels of ADMA.
Plasma methylarginines including ADMA and SDMA increase up to 10-fold in patients with end-stage renal disease (ESRD) (26, 52) and plasma levels of ADMA are positively related with indicators of vascular dysfunction such as intimamedia thickness of the carotid artery (34) . Therefore, increased plasma ADMA is considered a risk factor for cardiovascular disease occurring in patients with CKD and may be a target molecule for therapeutic intervention. The exact cause of increase in ADMA levels in CKD or ESRD is not wellestablished. Reduced ADMA excretion by the failing kidney as well as its decreased degradation to dimethylamine and Lcitrulline by the enzymes dimethylaminohydrolase I and II (DDAH I and II) have been implicated (28) . Furthermore, DDAH may regulate NOS activity by controlling degradation of ADMA, which inhibits NOS (51) .
NO modulates a large repertoire of cellular processes mediated by cGMP or cGMP-independent mechanisms. The majority of the biological effects of NO are mediated by activation of the heme-containing soluble guanylyl cyclase (sGC) that synthesizes cGMP, a second messenger for a large number of intracellular signaling pathways. Non-cGMP-mediated effects of NO include ion channel activation and cellular transport and may result from protein nitration by NO, its metabolites, or products of interaction of these metabolites with reactive oxygen species (1, 15, 17, 42) .
In the kidney, NO has both hemodynamic and nonhemodynamic effects that modulate tubular and glomerular function (43) . The latter includes filtration of plasma with a tight regulation of the passage of albumin and other macromolecules from blood into the glomerular filtrate. Injury to the glomerular protein filtration barrier function with the consequent increase in permeability to macromolecules (albumin) is an early event in the development of proteinuria (44) . We recently reported that constitutive glomerular NO production preserves the integrity of the glomerular capillary protein permeability barrier through antagonism of the reactive oxygen species superoxide (O 2
•Ϫ ). Depletion of NO through inhibition of NOS resulted in increased glomerular albumin permeability via an O 2
•Ϫ -dependent mechanism (45) . Microvascular NO generation depends on NOS activity, which in turn, is regulated by its cell-specific expression, availability of substrate (arginine) or several cofactors (e.g., tetrahydrobiopterin, NADPH) and endogenous inhibitors such as methylarginines (13) . Increased levels of ADMA may alter the balance between basal O 2 •Ϫ and NO levels through inhibition of NOS and depletion of NO, which can compromise the activity of the NO-sGC-cGMP axis. Under such conditions, sGC-targeted pharmacological interventions may be useful in maintaining cGMP production to preserve the function of the glomerular filtration barrier.
The present studies examined and compared the effect of the naturally occurring methylarginines (ADMA, SDMA, and L-NMMA) on glomerular permeability to albumin (P alb ) using an in vitro assay which offers the advantage of a direct and rapid measurement of changes in protein permeability in a manner independent of hemodynamic factors. Evidence presented here supports our hypothesis that ADMA, an inhibitor of NOS activity, compromises the integrity of glomerular filtration barrier by causing an imbalance in the bioavailability of NO and O 2
•Ϫ . The potential role of sGC in preserving the glomerular filtration barrier is addressed and evidence is provided to show that NO modulates the glomerular filtration barrier function through several mechanisms.
MATERIALS AND METHODS

Glomeruli and Reagents
Male Sprague-Dawley rats (200 to 250 g) were obtained through the Biomolecular Research Center, Medical College of Wisconsin (Milwaukee, WI) or the Institute Pasteur Hellenique of Athens, Greece. Rats were maintained with free access to water and rat chow. Animal care was in accordance with the National Institutes of Health guidelines and experimental protocols were approved by the Institutional Animal Care and Use Committee.
Kidneys were harvested via abdominal incision after the animals were anesthetized using isoflurane (Phoenix Pharmaceuticals, St. Joseph, MO). Glomeruli were isolated using an established sieving technique. After the kidney capsule was removed, fine fragments of the outer 1-to 2-mm renal cortex were prepared and passed through consecutive screens of 80, 120, and 200 mesh size. Glomeruli were recovered from atop the 200 mesh screen. Isolation of glomeruli was carried out at room temperature in a medium which contained (in mmol/l) 115 sodium chloride, 5.0 potassium chloride, 10 sodium acetate, 1.2 dibasic sodium phosphate, 25 sodium bicarbonate, 1.2 magnesium sulfate, 1.0 calcium chloride, 5.5 glucose, 6.0 L-alanine, 1.0 sodium citrate, and 4.0 sodium lactate. BSA (5.0 g/dl) was included in the medium (isolation/incubation medium) as an oncotic agent. The pH of the medium was adjusted to 7.4. The oncotic pressure was measured using a membrane colloid osmometer (model 4100; Wescor, Logan, UT).
Stock solutions of agonists or other reagents were prepared and diluted to final concentrations in isolation/incubation medium containing 5% BSA. In each of the studies described, control glomeruli were incubated with equivalent volumes of the isolation/incubation medium, and P alb was determined as described below. All incubations were performed at 37°C for the indicated time periods. Conditions for each experiment such as the duration of incubation and concentrations of agonists used were based on preliminary data obtained during the current or earlier studies.
Effect of the Naturally Occurring Methylarginines, ADMA, SDMA, and L-NMMA, on Glomerular Palb
Isolated glomeruli were incubated with defined concentrations of freshly prepared ADMA (1-10 M), SDMA (5-20 M), or L-NMMA (2 mM; Cayman Chemical, Ann Arbor, MI) for 15 min at 37°C, and P alb was determined. ADMA and L-NMMA inhibit all NOS isoforms, the inhibition being reversible and competitive with respect to Larginine while SDMA does not inhibit NOS (12) . We anticipated decreased levels of glomerular NO following incubation with L-NMMA or ADMA. We demonstrated the dynamic changes in glomerular NO using fluorescence-based microscopy of glomeruli described below.
It is possible that changes in P alb caused by ADMA are not due to NOS inhibition, but rather to other effects of this methylarginine. To provide evidence that the effect of ADMA on P alb is mechanistically linked to NOS inhibition and NO depletion, we incubated glomeruli with ADMA (5 or 10 M) in the presence and absence of the prototypic NOS inhibitor L-NMMA (2 mM), to determine whether an additive effect on P alb occurs. To further characterize this effect, submaximal concentrations of ADMA (1 M) and L-NMMA (0.5 mM) were also used.
The NO donor diethylenetriamine NONOate (DETA-NONOate; Cayman Chemical) was included in some experiments to determine whether the combined effect of ADMA and L-NMMA on Palb is reversible. DETA-NONOate belongs to the class of 1-substituted diazen-1-ium-1, 2-diolate compounds containing the [N(O)NO] functional group with half-lives ranging from 1 min to 1 day in physiologic buffers making them suitable for a variety of applications in which controlled generation of NO is required (20) . The 20-h half-life of DETA-NONOate provides a relatively constant flux of NO required in these experiments, making this compound an ideal NO donor. Isolated glomeruli were coincubated with ADMA (5 M) and DETA-NONOate (50, 100, or 500 M) at 37°C for 15 min. P alb in each group was then determined.
Role of sGC Activity in Preserving the Glomerular Palb
The inhibitory effect of ADMA on NOS would decrease NO production. Since NO is a major activator of sGC, activity of this enzyme to convert GTP to cGMP would be expected to decrease in the setting of increased ADMA levels. This could be a mechanism underlying changes in glomerular P alb following exposure to ADMA. To test this possibility, we 1) assessed the effect of ADMA on glomerular cGMP production, 2) explored whether sGC activation in glomeruli exposed to ADMA preserves P alb, and 3) examined whether cGMP mimics the effect of sGC activation on Palb. Two sGC activators were employed: the NO donor DETA-NONOate (see above) and the NO-independent sGC activator BAY 41-2272 (5-cyclopropyl-2-{1-(2-fluoro-benzyl)-1H-pyrazolo [3,4-b] pyridin-3-yl}-pyrimidin-4-ylamine). BAY 41-2272 increases sGC activity by binding to a regulatory site in the cysteine 238 and cysteine 248 region of the ␣1 sGC subunit (47) . It acts synergistically with NO in activating sGC and does not inhibit phosphodiesterase activity (39) . Glomeruli were incubated with ADMA (5 M) alone, BAY 41-2272 alone, or coincubated with ADMA (5 M) and various concentrations of BAY 41-2272 (1, 5, and 10 g/ml).
In separate experiments, glomeruli were incubated with ADMA in the presence or absence of the cGMP analog 8-bromo-cGMP (Sigma, St. Louis, MO) and changes in P alb were determined. All incubations were performed at 37°C for 15 min followed by determination of glomerular cGMP production or changes in P alb. (56) . To determine the role of sGC in preserving the glomerular filtration barrier, we incubated glomeruli with ODQ (1-10 M) alone or 10 M ODQ with cGMP (100 nM) at 37°C for 15 min.
Effect of sGC Redox Status on Glomerular
Role of the Interaction Between NO and O 2 •Ϫ in Mediating the Change in Glomerular Palb
NO is an efficient scavenger of O 2
•Ϫ and inhibition of NOS might result in an increase in O 2
•Ϫ bioavailability, which could account for the observed changes in Palb following exposure of glomeruli to ADMA. To examine this possibility, isolated glomeruli were incubated for 15 min with ADMA (5 M) in the presence or absence of the membrane-permeable SOD mimetic tempol (4-hydroxy-2, 2, 6, 6-tetramethyl piperidinoxyl; 5 mM; Sigma), and P alb was measured. This low molecular weight SOD mimetic has been used as a spin trap for O 2 •Ϫ and attenuates the superoxide-mediated injury in models of ischemia-reperfusion injury and inflammation (10) .
Role of NAD(P)H Oxidase-Derived Superoxide in Mediating Changes in P alb
Highly vascular tissues, including glomeruli, contain significant levels of membrane-bound flavin-containing oxidases that use NADH or NAD(P)H as cofactors to generate O 2
•Ϫ . To examine whether NAD(P)H-driven O 2
•Ϫ production accounts for changes in Palb following exposure to ADMA, isolated glomeruli were incubated for 15 min with ADMA (5 M) in the presence or absence of the NAD(P)H oxidase inhibitor apocynin (4-hydroxy-3-methoxy acetophenone) at concentrations 5, 20, and 40 M. This ortho-methoxy-substituted catechol is believed to inhibit the oxidase by preventing the assembly of p47 phox and p67 phox subunits of the NAD(P)H oxidase complex within the cell membrane (48) . Changes in Palb were measured at the completion of each incubation period. Recent studies in cultured cells suggest that apocynin can function as an inhibitor of NADPH oxidase in leukocytes as well as an anti-oxidant in vascular endothelial cells (14) .
Determination of Glomerular cGMP Production
Glomerular cGMP levels were measured using an ELISA after incubating isolated glomeruli with ADMA and/or BAY 41-2272 at concentrations employed to determine changes in P alb. A typical cGMP production experiment in glomeruli incubated with ADMA is described. An aliquot of glomerular suspension (120 l) was placed in a microcentrifuge tube. Vehicle (5 l) or ADMA (5 l of 140 M stock) was added to achieve a final ADMA concentration of 5 M and incubated in a 37°C water bath for 15 min. The phosphodiesterase inhibitor IBMX (3-isobutyl-1-methylxanthine) was then added (15 l) to a final concentration of 0.5 mM (pH 7.4) and incubations were allowed to proceed for another 5 min. Intracellular cGMP was extracted by adding 1.5 l of concentrated hydrochloric acid to the reaction mixture and incubating at room temperature for 30 min. Glomeruli were obtained as a pellet by centrifugation at 500 g for 5 min and the supernatant was collected for cGMP assay. The cGMP concentration was determined using the direct cGMP kit (Assay Designs, Ann Arbor, MI) following the manufacturer's instruction. Results were expressed as femtomoles per microgram of protein.
Determination of Glomerular P alb by Measuring Volume Response to an Oncotic Gradient
The volume response (⌬V) of glomerular capillaries to an oncotic gradient generated by defined concentrations of albumin was measured as previously described. This in vitro assay of P alb is a very sensitive test of the initial subtle injury to the glomerular filtration barrier (40) . Glomeruli were incubated in control or media containing the aforementioned reagents, affixed to glass coverslips coated with poly-L-lysine (1 mg/ml), and observed using video microscopy before and 1 min after the initial incubation medium containing 5 g/dl BSA was replaced by medium containing 1 g/dl BSA. This replacement of medium produces an oncotic gradient across the glomerular capillary wall and results in a net fluid influx and an increase in glomerular volume. Glomerular volume was calculated from the average of four diameters of the video image, and the increase in volume (⌬V) of each glomerulus in response to the oncotic gradient was expressed as:
Reflection coefficient of albumin. There is a direct relationship between the increase in ⌬V and the oncotic gradient (⌬) applied across the capillary wall. We used this principle to calculate reflection coefficient of albumin ( alb), using the ratio of ⌬V of experimental to ⌬V of control glomeruli in response to identical oncotic gradients: alb ϭ ⌬Vexperimental/⌬Vcontrol (40) . Convectional Palb. Convectional Palb was defined as (1 Ϫ alb) to describe the movement of albumin consequent to water flow. When alb is zero, albumin moves at the same rate as water and Palb is 1.0. When alb is 1.0, albumin cannot cross the membrane with water and Palb is zero (40) .
Determination of NO Production in Glomeruli
Isolated rat glomeruli were pretreated with ADMA (5 M), L-NMMA (2 mM), or vehicle in HEPES buffer solution consisting of (mmol/l) 138.0 NaCl, 4 KCl, 1.2 MgSO 4, 1.6 CaCl2, 1.2 KH2PO4, 0.026 EDTA, 6.0 glucose, and 10 HEPES acid. DAF-FM (10 M; Invitrogen, Carlsbad, CA) was added to the buffer and loaded. DAF-FM, like DAF-2 diacetate, is membrane permeant and forms a fluorescent product with the nitrosonium cation produced by spontaneous oxidation of NO. According to the manufacturer, DAF-FM adduct with NO is sensitive, stable at physiological pH, and resists photolysis. Fluorescence detection of NO production using DAF-FM was performed by krypton-argon laser excitation at 488 nm while recording emission at 523 nm. Images were obtained using a laserscanning imaging system mounted on an inverted microscope (Olympus) with a ϫ20 objective lens. Images were obtained and analyzed using MetaMorph software suite (Universal Imaging, Molecular Dynamics, Sunnyvale, CA).
Statistical Analysis
Each P alb value is an average of 15 measurements obtained in 5 individual glomeruli isolated from one rat. Three rats were used in each group. Results were expressed as means Ϯ SE. Unpaired t-test was used to compare the control group with experimental groups. Effect of DETA-NONOate, tempol, or apocynin on P alb was determined by comparing each with ADMA alone group. Significance of difference between groups was expressed as P values.
RESULTS
Effect of Methylarginines on P alb : Role of NO
Asymmetric methylarginines increase P alb . The asymmetric methylarginine ADMA significantly increased P alb (1 M ADMA P alb : 0.34 Ϯ 0.09 vs. control P alb : 0.005 Ϯ 0.07, P Ͻ 0.01; 5 M ADMA P alb : 0.6 Ϯ 0.09 vs. control P alb : 0.005 Ϯ 0.07, P Ͻ 0.001), while 5-20 M symmetric methylarginine SDMA did not affect P alb (Fig. 1) . The effect of ADMA on P alb was dose dependent with a statistically significant increase at 1 M ADMA (P Ͻ 0.01 vs. control), 5 M ADMA (P Ͻ 0.001 vs. control), or 10 M ADMA (10 M ADMA P alb : 0.73 Ϯ 0.076 vs. control, P Ͻ 0.001; Fig. 2 ). Although 1 M ADMA caused a significant increase in P alb , 5 M was found to result in maximal increase under the experimental conditions used. Ten micromolar ADMA caused a greater increase in P alb (0.73 Ϯ 0.076) compared with 5 M ADMA (0.6 Ϯ 0.09) but this difference was not significant (P Ͻ 0.2). Therefore, we used 5 M ADMA in subsequent experiments.
L-NMMA also caused an increase in P alb comparable to that induced by ADMA (Fig. 2) . However, a maximal increment in P alb was achieved at a L-NMMA concentration (2 mM) that was two orders of magnitude higher than that of ADMA (2.0 mM L-NMMA P alb : 0.75 Ϯ 0.08 vs. control P alb : 0 Ϯ 0.13, n ϭ 15, P Ͻ 0.001).
ADMA and L-NMMA decrease glomerular NO. ADMA and L-NMMA inhibit NOS activity resulting in decreased NO levels. We demonstrated decreased NO levels in glomeruli incubated with ADMA or L-NMMA followed by DAF-FM loading. Photomicrographs (Fig. 3A) of glomeruli identified in bright field (left) showed DAF fluorescence (right). Vehicletreated control glomeruli (top) showed more fluorescence compared with L-NMMA-treated (middle) and ADMA-treated (bottom) glomeruli. Image intensities were compared using MetaMorph software and presented as a bar graph (Fig. 3B) . Both ADMA and L-NMMA significantly reduced DAF-FM fluorescence (P Ͻ 0.05 vs. control), indicating the decreased glomerular NO production.
NO donor abrogates the ADMA-induced increase in P alb . It is possible that inhibition of NOS by ADMA caused the increased P alb seen ( Figs. 1 and 2 ) via a mechanism independent of NO depletion. To examine this possibility, glomeruli were incubated with ADMA in the absence and presence of the NO donor DETA-NONOate. DETA-NONOate at 500 M abrogated the ADMA-induced increase in P alb (ADMA 5 M P alb : 0.72 Ϯ 0.15 vs. ADMA 5 M ϩ DETA-NONOate 500 M P alb : Ϫ0.18 Ϯ 0.105, P Ͻ 0.001; Fig. 4 ). Lower concentrations of DETA-NONOate (50 or 100 M) failed to prevent the ADMA-induced increase in P alb .
The combined effect of L-NMMA (2 mM) and 5 or 10 M ADMA (P alb : 0.74 Ϯ 0.03 and 0.76 Ϯ 0.04, respectively) was not different from that of 5 M ADMA alone (P alb : 0.6 Ϯ 0.09; Fig. 5 ). DETA-NONOate abrogated the combined effect of L-NMMA ϩ ADMA on P alb (Fig. 5) . Submaximal concentrations of L-NMMA (0.5 mM, P alb : 0.22 Ϯ 0.03) combined with submaximal concentration of ADMA (1 M, P alb : 0.27 Ϯ 0.04) had additive effect on P alb (0.46 Ϯ 0.05, P Ͻ 0.01 vs. 1 M ADMA or 0.5 mM L-NMMA).
Effect of Methylarginines on P alb : Role of sGC
ADMA-induced increase in P alb is attenuated by activation of sGC. NO reacts with multiple targets, chief among these being the enzyme sGC, which is known to be present in rat podocytes (33, 38) . It is possible that in our experiments NO derived from DETA-NONOate reversed the effect of ADMA on P alb by acting on targets other than sGC (15) . To evaluate the extent to which sGC activity is important in preserving the permeability barrier in glomeruli exposed to ADMA, we 1) assessed the effect of ADMA on glomerular cGMP production, 2) employed the NO-independent sGC activator compound BAY 41-2272, and 3) employed the sGC inhibitor ODQ.
ADMA alone significantly reduced glomerular cGMP levels, whereas BAY 41-2272 alone markedly increased cGMP levels (Fig. 6) . In glomeruli coincubated with ADMA and BAY 41-2272, cGMP production was no different than that observed with BAY 41-2272 alone (Fig. 6) . cGMP blocks the effect of ADMA on P alb . The sGC activators NO and BAY 41-2272 were used to increase cGMP synthesis. To examine whether cGMP mediates the salutary effect of sGC activation on P alb , glomeruli were incubated with ADMA in the presence or absence of the cGMP analog 8-bromo cGMP. As shown in Fig. 7A, 8 -bromo-cGMP significantly attenuated the effect of ADMA on P alb at concentrations as low as 100 nM (0.29 Ϯ 0.07 vs. ADMA alone (5 M) 0.74 Ϯ 0.11, P Ͻ 0.001).
NO-independent activation of sGC by BAY 41-2272 blocks the effect of ADMA on P alb . The partial but statistically significant reversal of the increase in P alb by the sGC activator BAY 41-2272 (Fig. 7B) contrasts with the complete reversal achieved when 500 M of the NO donor DETA-NONOate was used (Fig. 4) .
sGC inhibition by ODQ increases P alb . ODQ renders sGC unresponsive to NO by oxidizing its heme iron from Fe 2ϩ to Fe 3ϩ . Thus, inhibition sGC activity through oxidation of heme iron would be expected to cause an effect on P alb similar to that of NO depletion. To confirm this, glomeruli were incubated with ODQ (1-10 M) for 15 min and P alb was determined. We observed (Fig. 7C ) a dose-dependent effect of ODQ on P alb with significant increase at 5 M (P alb : 0.5 Ϯ 0.1; control: 0.006 Ϯ 0.1, P Ͻ 0.005) or 10 M (P alb : 0.46 Ϯ 0.09; control: 0.006 Ϯ 0.1, P Ͻ 0.005). The increased P alb by 10 M ODQ was attenuated by 100 nM cGMP (P alb : Ϫ0.08 Ϯ 0.1; control: 0.006 Ϯ 0.1, NS).
Scavenging of O 2 •Ϫ Prevents the ADMA-Induced Increase in P alb
Glomeruli generate O 2
•Ϫ both constitutively and under pathologic conditions (43) while NO is an efficient scavenger of O 2
•Ϫ (16). Furthermore, P alb is increased in glomeruli overproducing O 2
•Ϫ or exposed to exogenous O 2 •Ϫ (5, 27). We tested the hypothesis that the ADMA-induced increase in P alb occurred as a result of NO depletion resulting in unopposed effects of O 2 •Ϫ . Isolated glomeruli were incubated with ADMA (5 M) in the presence or absence of the SOD mimetic tempol (5 mM). The increase in P alb in response to ADMA was prevented by tempol (ADMA ϩ tempol P alb : 0.14 Ϯ 0.07 vs. ADMA alone 0.70 Ϯ 0.15, P Ͻ 0.001), while tempol alone had no effect on P alb (0.1 Ϯ 0.12 vs. control, NS; Fig. 8A ).
NAD(P)H Oxidase-Derived O 2 •Ϫ Mediates Changes in P alb in Response to ADMA
Having shown that the ADMA-induced increase in P alb was mechanistically linked to NO depletion and to an unopposed effect of O 2
•Ϫ , we next explored potential sources of O 2 •Ϫ . Several enzyme systems, including NAD(P)H oxidase, are involved in the constitutive production of O 2 •Ϫ in normal glomeruli. Components of the NAD(P)H oxidase complex are found in glomerular epithelial and mesangial cells (11, 19) .
To examine the extent to which NAD(P)H oxidase activity contributed to the increase in P alb caused by ADMA, we used the NAD(P)H oxidase inhibitor apocynin. Glomeruli were incubated 
DISCUSSION
Methylarginines are released into plasma through degradation of cellular proteins. Circulating levels of methylarginines are elevated in several disease states, including those characterized by endothelial dysfunction such as hypertension, preeclampsia, atherosclerosis, hypercholesterolemia, diabetes mellitus, and CKD (51) . Whether increased plasma ADMA contributes to or results from endothelial dysfunction is currently being debated (28) . The effect of increased ADMA on the glomerular filtration barrier is unknown. The present studies examined the effect of the naturally occurring methylarginines on glomerular permeability to albumin. We selected L-NMMA, SDMA, and ADMA as representative monomethyl-, symmetrical dimethyl-, and asymmetrical dimethylarginine, respectively. Systemic administration of ADMA or L-NMMA is known to cause hemodynamic changes (7, 21) , making it difficult to determine whether the effect of methylarginines on the glomerular filtration barrier is solely due to their effect on glomerular NO production. Therefore, we used an in vitro assay that permits studies on changes in the glomerular filtration barrier without the influence of hemodynamic factors. Indeed, inhibition of NO following ADMA or L-NMMA administration to rats was shown to reduce glomerular plasma flow rate and glomerular capillary ultrafiltration coefficient. Moreover, NOS inhibition increases afferent and efferent arteriolar resistance and intracapillary hydraulic pressure (7). We used this assay extensively to determine early effects of injury on the glomerular filtration barrier as well as the protective effect of several agents (40, 44) .
We demonstrated that ADMA induces a significant increase in glomerular P alb at concentrations that are within the range of plasma levels reported in human renal failure (2, 4, 26, 28) while the symmetrical stereoisomer SDMA had no effect (Fig.  1) . Since ADMA but not SDMA inhibits NOS (52), we hypothesized that the effect of ADMA on P alb was linked to NO depletion and subsequent impairment of the protein per- Fig. 4 . Effect of diethylenetriamine NONOate (DETA-NONOate) on ADMAinduced increase in Palb. Isolated rat glomeruli were incubated with ADMA (5 M) alone or in the presence of various concentrations of DETA-NONOate (50, 100, or 500 M) at 37°C for 15 min. Control glomeruli were incubated with equivalent volume of incubation medium containing 5% BSA. Palb values are presented as means Ϯ SE derived from measurements made in 15 glomeruli isolated from 3 rats (5 glomeruli from each rat). ADMA alone increased Palb (*P Ͻ 0.001 vs. control), whereas DETA-NONOate alone (500 M) had no effect. Lower concentrations of DETA-NONOate (50 and 100 M) did not alter the increase in Palb caused by ADMA but 500 M abrogated this increase (**P Ͻ 0.001 vs. ADMA alone). meability barrier function. This hypothesis is supported by our finding that the prototypic pharmacologic NOS inhibitor, L-NMMA, mimicked the effect of ADMA on P alb (Fig. 2) . Of note, compared with 5-10 M ADMA, a markedly higher concentration of L-NMMA (2 mM) was required to achieve a comparable increase in P alb (Fig. 2) . Although ADMA and L-NMMA have been found to be approximately equipotent in inhibiting NOS in other models (9, 25, 52) , the substantially lower concentrations of ADMA required for maximal increase in P alb suggest a greater sensitivity of the filtration barrier to ADMA (dimethyl arginine) compared with L-NMMA (monomethyl arginine). Furthermore, ADMA may act on non-NOS targets as well (15, 46) resulting in unrelated effects on glomerular cells, although presently we limited our investigations only to its effect on the glomerular filtration barrier function.
Both ADMA and L-NMMA are potent inhibitors of NOS activity (24, 50) . We used cell-permeant DAF-FM to demonstrate the change in glomerular NO as a result of brief incubation with ADMA or L-NMMA. DAF compounds are fluorescein-derived dyes (22) that permit convenient and specific detection of low amounts of cellular NO. Results showed that both ADMA and L-NMMA caused a decrease in the intensity of fluorescence indicating decreased levels of fluorescent benzotriazole, the NO-DAF-FM adduct (Fig. 3, A and B) .
Our hypothesis that the ADMA-induced increase in P alb is due to NO depletion was further supported by our findings that this increase was prevented by the NO donor DETA-NONOate (Fig. 4) . The fact that a relatively high concentration of DETA-NONOate (500 M) was required suggests that there may be a critical number of targets to which exogenous NO must bind to reverse the effect of ADMA on P alb . To verify that the effect of ADMA on P alb was mechanistically related to NOS inhibition, glomeruli were coincubated with ADMA in the presence of the prototypic pharmacologic NOS inhibitor, L-NMMA, to examine whether an additive effect on P alb could occur. Compared with the effect of ADMA alone, ADMA ϩ L-NMMA at their optimal concentrations had no additive effect on P alb indicating that the ADMA-induced increase in P alb can be attribute to NOS inhibition. Submaximal concentrations of these inhibitors, on the other hand, showed an additive effect suggesting a common target. Furthermore, exogenous NO abrogated the effect of ADMA ϩ L-NMMA on P alb (Fig. 5) .
A key target of NO is sGC, which functions as an NO sensor in mammalian cells (38) . Binding of NO to the heme moiety of sGC markedly increases cyclase activity and generation of cGMP. cGMP is a crucial second messenger in a number of signaling cascades involving protein phosphorylation and ion channel regulation. We hypothesized that exogenous NO reversed the ADMA-induced increase in P alb by activating sGC, leading to increased production of cGMP. To this end, the NO-independent sGC activator BAY 41-2272 prevented the ADMA-induced decrease in glomerular cGMP levels ( Fig.  6 ) and attenuated the increase in P alb caused by ADMA, and did so at concentrations capable of stimulating glomerular cGMP production (Fig. 7B) . Moreover, the cGMP analog 8-bromo-cGMP also attenuated the ADMA-mediated increase in P alb (Fig. 7A) . The findings that the ADMA-induced increase in P alb was 1) prevented by a relatively high concentration of DETA-NONOate and 2) was only partially reversed by BAY 41-2272 or by 8-Br-cGMP lead us to propose that NO protects the permeability barrier through reactions that do not solely involve stimulation of sGC and generation of cGMP. That sGC activity is important in preserving the integrity of this barrier is supported by the observation that oxidation of sGC heme iron using ODQ increased P alb (Fig. 7C) . As ODQ acts by oxidizing sGC heme iron, this observation indicates the redox state of this enzyme is important in preserving the filtration barrier.
In addition to its effect on sGC, NO reacts with O 2 •Ϫ at a near diffusion-controlled rate constant, a reaction that is three to four times faster than O 2
•Ϫ dismutation by SOD. Moreover, the half-life of NO (normally 4 -50 s) is doubled in the presence of SOD (16) , indicating that O 2 •Ϫ is an efficient NO scavenger. We hypothesized that the ADMA-induced increase in P alb could be mediated in part by increased bioavailability of O 2
•Ϫ occurring due to NO depletion. In this regard, we previously demonstrated that O 2
•Ϫ directly increases P alb (5) . Tempol completely reversed the ADMA-induced increase in P alb (Fig. 8A) , a finding that supports the hypothesis that O 2
•Ϫ mediated the effect of ADMA on P alb . These observations support the role of NO as an important antagonist of the effects of O 2
•Ϫ on the glomerular filtration barrier. By inhibiting NOS, ADMA could change the balance between these two reactive species and result in a net increase in the bioavailability of O 2
•Ϫ . We next explored the potential sources of O 2
•Ϫ is generated by various oxidases including NAD(P)H oxidase complex found in mesangial (19) and epithelial (11) cells. We found that the NAD(P)H oxidase inhibitor apocynin significantly attenuated the increase in P alb caused by ADMA (Fig. 8B) , which indicates that NAD(P)H oxidase activity generated O 2
•Ϫ in amounts sufficient to increase P alb in glomeruli exposed to ADMA. Further studies using other inhibitors of NADPH oxidase will be needed to address the extent to which this oxidase contributes to superoxide production since a recent report suggests that in addition to its role as an NADPH oxidase inhibitor apocynin also has an antioxidant effect (14, 48) .
Under certain conditions, including methylarginine excess, constitutive NOS can generate O 2
•Ϫ rather than NO (35, 37) , a phenomenon referred to as NOS uncoupling. Arginine is a semi-essential amino acid derived from the diet as well as cellular synthesis. Arginine, a precursor of NO, urea, certain amino acids, and polyamines, also plays a regulatory role in gene expression and cell cycle progression. Endothelial cells deprived of arginine maintain release of the endotheliumderived relaxation factor for 2 h. Thus, intracellular levels of arginine are maintained for considerable time (29, 31) . The brief incubation (15 min) employed in our studies was unlikely to result in arginine depletion and NOS uncoupling as evident from unchanged P alb of the control group. Furthermore, glomeruli used in these studies were isolated from arginine-replete rats. Thus, O 2
•Ϫ generation in the present studies appears to be catalyzed by the NADPH oxidase system. NOS uncoupling may also result from insufficient levels of (6R)-5,6,7,8-tetrahydro-L-biopterin (BH4) due to decreased synthesis or increased oxidation to BH2 (8, 30) . Increased circulating levels of BH2 and ADMA are found in patients with acute myocardial infarction (55) . Electron paramagnetic resonance studies show that BH4-depleted eNOS generates superoxide that is increased by ADMA, L-NMMA, or Larginine (6). Thus, under pathological conditions (e.g., diabetes, hypertension) associated with CKD, increased levels of ADMA may potentiate reactive oxygen species generation and oxidative stress.
Recent studies show that ADMA causes vascular and endorgan injury through the renin-angiotensin system (49) . Angiotensin II receptor AT1R antagonists restore ADMA-induced flow reduction (53) and upregulate ADMA hydrolysis (36) . ADMA also participates in endothelial cell senescence (41) , renal fibrosis (18, 36) , and monocyte adhesion via chemokine receptor activation (3) . Therefore, ADMA may exacerbate the effects of angiotensin II on the vasculature and the target tissues. The molecular and structural elements of the glomerular filtration barrier that are altered by methylarginines and result in an increase in P alb remain to be characterized. The principal structural components of the glomerular filtration barrier are the podocytes, capillary endothelial cells, and the basement membrane. As the increase in P alb occurs within 15 min of glomerular incubation with ADMA, it is unlikely that changes in expression (mRNA or protein) of key molecular elements (i.e., nephrin, podocin) of this barrier are an underlying mechanism. Rather, signaling events or posttranslational modifications of these or other proteins that are important in preserving the integrity of the barrier are likely mechanism of increased P alb .
In summary, these studies provide evidence that methylarginines should be viewed not only as predictors of cardiovascular events (23) but also as effectors of glomerular capillary injury. ADMA may qualify as a uremic toxin as it is a product of protein metabolism, it accumulates in the course of renal failure, it is a guanidine compound, and it can cause organ damage through vascular dysfunction. These studies also suggest that the redox state of sGC is important in preserving the integrity of the glomerular filtration barrier and that NOindependent sGC activators can preserve integrity of this barrier. Strategies to decrease plasma levels of methylarginines and/or to maintain NO-independent cGMP generation will contribute to successful management of CKD. Additionally, our results suggest that regulation of the glomerular filtration barrier by NO involves antagonism of superoxide, regulation of cGMP levels via activation of sGC, and interaction with proteins that regulate the glomerular filtration barrier. We speculate that direct interactions between such proteins and NO may result in protein amino acid nitration and nitrosylation and modulate the glomerular barrier function. Thus, NO participates in maintaining the physiological integrity of this barrier function at several planes and increased levels of ADMA in CKD may disrupt the fine balance between NO and O 2
•Ϫ .
